ABSTRACT The flexure-based motion platform with high-positioning precision and fast response is really attractive for the realization of micro/nano-machining surface. However, coupling motion effect existed in most positioning systems, which will induce the asymmetry and incline deformation and lead to a poor processing quality. To alleviate this problem, we proposed a decoupled vibration-assisted swing cutting (VASC) system driven by two piezoelectric actuators in this paper. A double symmetric L-shaped parallel flexure hinge with decoupled actuation and decoupled output motion has been designed in this system. In order to analyze the effect of the parameter variation to the system, the kinematics, statics, and dynamics properties of the VASC system were modeled by the geometrical method, matrix-based compliance modeling, and Lagrangian principle, respectively. Meanwhile, we have validated the effect of the parameter variation for angle-position trajectory, output stiffness, and natural frequencies by simulation analysis. In addition, the decoupled performance could be determined by finite-element analysis. In the view of the decoupling property, the result shows that the motion stroke of the input end can reach up to 15.67 µm, and the coupling ration has effectively decreased to 1.27%. Both analysis and experiment have verified the decoupled properties of VASC that have proved the effectiveness of the present VASC system for micro/nano-machining surface.
I. INTRODUCTION
In recent years, elliptical vibration cutting (EVC) technology has attracted intense attention in a widespread area of industrial appliances such as aerospace, biomedical and other fields of engineering [1] - [4] . EVC technology is regarded as one of the major methods for micro/nano-machining surface at present. It has been paid much attention due to the unique characteristics of tool-chip separation and friction reversal. However, the residual-height between adjacent trajectories caused by intrinsic attribute of EVC apparatus cannot be effectively eliminated, which limits the further improvement of machining precision. The limitation could be alleviated by increasing cutting frequency, but hysteresis effect could be appeared when the frequency was too high, which would increase the difficulty of control. To alleviate this problem, we proposed a new vibration-assisted swing cutting (VASC) system. The system has the characteristics of the pseudo-intermittent cutting and friction reversal, which has a greatly the extend tool-life and reduce cutting forces. VASC system has the characteristic of the cutting tool swing around the tool location point in machining processes, which alleviate residual-height, and improve machining accuracy effectively. Whether it is EVC or VASC, the effect of system coupling on system control stability and machining accuracy have always been the focus on the research. The solution is generally divided into structural decoupling and control decoupling. Yao et al. [5] designed a decoupled XY micro-positioning platform with 4-bar mechanisms to provide decoupling. While the coupling motion was reduced to a small amount, however, the complex of the decoupling structure would lead to the system response speed more slowly. Polit and Dong [6] built a parallel and decoupled symmetric XY positioning platform, in which slender compliant parallelogram structure is utilized to obtain the decoupling effect. The bandwidth of their platform was high, but it will suffer from low load mass and poor thermal performance. Moreover, over constraint will cause stress stiffening and augment the transverse stiffness in the existence of the axial stresses [7] , [8] . To overcome these disadvantages, the parallel L-shaped flexure hinges were employed in VASC system, which has a great property with high stiffness, high load carrying capacity as well as high preciseness, etc [9] . The actuation isolation and output decoupling properties of the L-shaped flexure hinges advance the use of the single-input or single-output controllers. Meanwhile, the decoupled properties were investigated by finite element analysis (FEA). Since the properties of the nano-scale displacement resolution, high-stiffness, and high-speed frequency response, the piezoelectric actuators (PZTs) were chosen as the VASC actuating device [10] , [11] . To satisfy practical application of the VASC, we used decoupled L-shaped flexure hinges to make a trade-off among decoupling effect, kinematic, compliance, and dynamic performance.
The kinematic, compliance and dynamics characteristics analyses were the main elements in VASC mechanism designing. The kinematics, statics, and dynamics properties of the VASC system were modeled by the geometrical method (GM), matrix-based compliance modeling (MCM), and Lagrangian principle, respectively [12] - [15] . To analyze the effect of the parameter variation on the system, the simulation analysis was utilized, which validate the effect of the parameter variation for the angle-position trajectory, output stiffness, and natural frequency. With the parameters variation of the amplitude and angular frequency, the simulation and experimental analysis result shown that the swing motion trajectory and angle were consistent with actual result ones. Finally, the optimized structural parameters were determined by simulation analysis. According to the consistency of analysis and experiment, which have proved the effectiveness of the present VASC system for micro/nano-machining surface.
The paper is made up of the following sections: In section 2, mechanical design of a novel decoupled VASC system is proposed. In Section 3, the kinematics, compliance and dynamic modeling are established in the VASC system, and the effect of the parameters variation on the angle-position, the output stiffness and natural frequencies are simulated and analyzed in Matlab R2014a. Section 4 summarizes the decouple performance of the FEA investigation. Off-machine performance examinations of VASC are executed in section 5. The conclusions of this work are described in section 6.
II. MECHANICAL DESIGN OF VIBRATION-ASSISTED SWING CUTTING SYSTEM
In our previous work, the EVC system was developed [16] - [18] . However, EVC system generates the residual-height of the textured surfaces and seriously influences the uniformity and accuracy of the surface texture structure. Thus, this paper proposes a new VASC system. VASC system is depicted in FIGURE 1. VASC system consists of the PZT, capacitive displacement sensor probes (CDSP), capacitive displacement sensor installed pre-clamp seats (CDSIPS), capacitive displacement sensor measurement baffles (CDSMB), etc. FIGURE 1(a) and 1(d) shows the left and right 3D assembly drawings of VASC system. FIGURE 1(b) and 1(c) indicates the left and right 3D assembly drawings of VASC flexure mechanism. at the tool location point; the Cartesian coordinate system
) of left-DU flexure, left-LFHs flexure, and the LSFH of SMPU, respectively, as illustrated in FIGURE 2. The swing of the cutting tool was driven by the LFHGU mechanism around the y-axis, which corresponds swing principle and properties will be described in the next section. 
III. MODELING AND PARAMETRIC VARIATION ANALYSIS OF VASC A. ANALYTICAL MODELING OF VASC 1) KINEMATIC MODELING
In this section, the geometrical method (GM) was employed for the kinematics analysis in VASC system. As shown in FIGURE 3, according to GM, the LSFH and LFH can be regarded as equivalent rigid-link mechanism. A and B were driven by two PZTs, they are parallel to each other. When A and B are driven by PZTs to A 1 and B 1 , the input displacement of z 1 (t) and z 2 (t), respectively. In addition, the bi-directional swing motions in z-axis were achieved by the principle of differential motion. 
and O T were located on the cutting tool, the joint A and B were distributed on DU mechanism. Owing to the overall compliance mechanism consists of the left and right symmetric at the z-axis, the left and right SMP mechanism has the unanimous structural parameters. In VASC, the two PZTs input signals can be described as
Where, A1 and A2 represents the input single amplitude of two PZTs, respectively; w 1 , ϕ 1 and w 2 , ϕ 2 are the input single angular frequency and phase of two PZTs, respectively, and w 1 = w 2 ; t is the input signals time.
To purpose of the angle-position trajectory analysis, as indicated in FIGURE 4, we assign the fixed Cartesian coor-
and O 3 ct with the circumcircle radius of r. To be simple without losing generality, two PZTs are installed parallel to thez T -axis, y T is perpendicular to the tool rake face.
The output displacement of work-piece and tool-tip point were generated by two PZTs in the Cartesian coordinate system, can be represented as follow
Where, A3 and V 4 represents the amplitudes of the tool-tip point output displacement by two PZTs, respectively; w 3 , ψ 1 and w 4 , ψ 2 represent the angular frequency and phase in the driving signals along z 1 (t) and z 2 (t) directions, respectively, and w 3 = w 4 . When the initial phases ψ 1 and ψ 2 are adjusted by two PZTs, respectively. We have
Where θ is a constant. Hence, from Eq. (3) we can get
Assume the tool location point, O T , of the coordinate is (0, 0, z 0 ), and the swing motion angle of α. The cutting tool swing motion radius of r. AB = 2l 0 , 2l 0 is the displacement of the two PZTs at x-axis direction. The coordinate point of P i is set to (x i , 0, z i ), and the point at the flexure hinge platform can be described as:
Where z 0 = P i O T and P i CB = α/2, with
As indicated in FIGURE 4, due to P i CB ∼ = ECA, which is given as
With
Through theoretical calculations, the swing motion angle of tool on the flexure hinge platform can be described as:
To purpose of the swing motion trajectory analysis, we assign a motion Cartesian coordinate system P i − x i y i z i at the point P i (i = 0, 1, 2. . . n), from Eq. (9) we can get
By the mathematical geometry, the swing path around the cutting tool location point, O T , can be described as
According to Eq. (10) and (11), the trajectory of swing motion can be obtained as follows
Hence, swing motion trajectory of the cutting tool is described as
According to Eq. (3), the phase difference θ was generated by PZTs. Thus, the swing motion trajectory of tool-tip can be generated in 2D space. Meanwhile, A3, A4, w 3 , w 4 and θ were actively adjusted by the two signal, z 1 (t) and z 2 (t). The cutting tool could be independent achieved control parameters by the swing motion, to adapt to different cutting condition.
2) COMPLIANCE MODELING
To establish the compliance model of the VASC, the local compliances need to be transformed into a global frame selected to describe the mechanism. Then, the stiffness connected in parallel compliances connected in serial and can be, respectively, extra together to generate the whole model of the flexure mechanism. In this section, the output and input of compliance properties are given according to MCM [19] , [20] . The output compliance of the LFHGU mechanism as
where T rz (π ) is the coordinate transform matrix around the z-axis by an angle of π. C LU L is the output compliance of the left-half chain of the DU and LFHGU mechanism.
Since the relationship between each LSFH is considered, the output compliance of the RMP mechanism relative to the fixed base as
Where C O out Li (i = 1, 2, 3) represents the frame M Li (i = 1, 2, 3) may be transformed to the reference frame O out .
Thus, the overall VASC system flexure mechanism consists of the DUs, LFHGU, and LSFHs connected in parallel manners on SMP. Thus, the output compliance of VASC system is given by 
3) DYNAMICS MODELING
To describe the free vibration of VASC, the displacements at the two input ends d = [z 1 , z 2 ] T are defined as the generalized coordinate variable. Therefore, the total kinetic energy of system can be given by
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Where, x and z are the fixed Cartesian coordinate on the system O-xyzof the radius R 2 ; m g 31 , m g 32 , m g 4 and m g 5 denotes mass of the system of the top LFH, the down LFH, the three positioning LSFHs and the SMP, respectively. We are able to obtain potential energy as
The Lagrange equation is used in VASC system, in which the damping effect is neglected. Thus, substituting T into Lagrange's equation [12] :
Hence, through solving the equation of dynamics properties, the natural frequencies can be calculated as
Where M 1 and M 2 equivalent quality matrix, and K in is the input stiffness of the VASC.
B. PARAMETERS ANALYSIS OF VASC 1) THE EFFECT OF THE PARAMETERS VARIATION OF THE ANGLE-POSITION TRAJECTORY
In view of Eqs. (9) and (12), the calculation modeling of cutting tool was simulated by Matlab R2014a. The phase difference θ = π was adopted in VASC. According to TABLE 1, the variation trajectory of the cutting tool-tip could be received, as illustrated in FIGURE 5(a). Meanwhile, the variation swing motion angle of the cutting tool-tip could be received, which is indicated in FIGURE 5 (b). As shown in FIGURE 5, with adjusting the relevant parameters, the swing trajectory and angle of cutting tool-tip can be changed flexibly. Basing on the trajectory I as the benchmark, when the change of the angular frequency of two PZTs in the trajectory II, which space and angle size of the swing trajectory of the tool can not be changed, but the rotation cycle of the tool trajectory had faster. In the trajectory III, with changing the amplitude of two PZTs, space and angle size of the swing trajectory of the tool was changed. In the trajectory IV, with changing the position of two PZTs, not only the space and angle size of the swing motion trajectory can be changed, but also space and angle size of the swing trajectory of the tool are greater than III. Thus, by adjusting the relevant parameters of the system, a better the swinging trajectory and angle of cutting tool-tip can be achieved, which is the advantage of reducing average cutting force, extending tool-life, and improving machining quality so on.
2) THE EFFECT OF THE PARAMETERS VARIATION OF OUTPUT STIFFNESS AND NATURAL FREQUENCIES TRAJECTORY
The output stiffness and natural frequency model of VASC structure affected by the parameters in three aspects. The parameters of the flexure hinges:t 1 , h 1 , b 1 , t 2 , l Li (i = 1, 2), l 1 , l 2 , t 3 ; the parameters of the motion structure: R 2 , e 5 ; and the parameters of structure material: E, ρ. In the design process, the material of the spring steel was employed in VASC, which the material properties are as follows: Poisson ration, µ = 0.3; Density, ρ = 7.85 × 10 3 kg/m 3 ; Young's Modulus, E = 2.06 × 10 11 pa.
To improve the performance of VASC, we have achieved analyze of the parameter variation for the output stiffness and natural frequency by simulation analysis. The variation of each parameter had different influence in the compliance and dynamics modeling. Thus, the effect of the parameter variation for the output stiffness and natural frequencies were given in FIGURE 6. FIGURE 6 (a) and (b) illustrate the parameter variation of the natural frequency and output stiffness on the flexure hinges, which the range of the parameter values were given as: t 1 , t 2 , t 3 ∈ [0.5, 1.5], with the variation of DU flexure hinge thickness t 1 (Set:t 2 = 1, t 3 = 1.2), the natural frequency and output stiffness almost do not change; when the variation of LFHGU flexure hinge thickness 0.5 ≤ t 2 ≤ 1.5(Set:t 1 = 1, t 3 = 1.2), the natural frequency reduces greatly along the rise of the thickness t 2 , the output stiffness increases with the rise of thickness t 2 , z-axis was faster than x-axis; with the variation of SMPU flexure hinges thickness 0.5 ≤ t 3 ≤ 1.5 (Set:t 1 = 1, t 2 = 1), the natural frequency reduces along with the rise of thickness t 3 and natural frequency was fall faster, which the change of output stiffness was the same along the x-axis and z-axis directions. As indicated in FIGURE 6 (c) and (d), FIGURE 6. The effect of the parameters variation of the stiffness and frequencies trajectory, (a) the corresponding natural frequency in terms of structure parameters t 1 , t 2 and t 3 , respectively; (b) the corresponding the output stiffness in terms of structure parameters t 1 , t 2 and t 3 , respectively; (c) and (d) the corresponding the natural frequency and the output stiffness in terms of structure parameters e 5 and R 2 , respectively. the parameter variation of the natural frequency and output stiffness on the motion structure, which the range of each parameter value gives as: e 5 ∈ [4, 8] and R 2 ∈ [25, 35], with the increase of the motion structure e 5 (Set:R 2 = 30), which the natural frequency was reduced greatly, the output stiffness was rise first, and then falls. When R 2 was larger than 25mm and smaller than 35mm (Set:e 5 = 4), the natural frequency of the motion structure decreases greatly with the raise of R 2 , and the output stiffness increases along rise of R 2 .
According to parameters analysis, (1) in Eq. (13), with the change of the angular frequency, the space and angle size of the swing trajectory could not be changed, but the change the control amplitude and signals position of the swing trajectory could be changed; (2)the output stiffness, and natural frequency were calculated by Eq. (16), and (20), respectively. which the compliance of the x-and z-axis direction are 0.0581µm/N and 0.0373µm/N, respectively, the first two natural frequencies are 2558.6Hz and 3342.1Hz, which was the working bandwidth of VASC. Meanwhile, the output stiffness and natural frequency analytical has been verified through FEA and experiments in [20] . As shown in FIGURE 2, the structure parameter values were listed in TABLE 2:
IV. DECOUPLING PERFORMANCE INVESTIGATION OF THE FEA IN VASC
In order to evaluate the established analysis model, decoupling performance analysis of VASC mechanism based on FEA was carried out by ANSYS Workbench 16.0 platforms. The output decoupling indicates that it does not generate motions in other directions when platform motions along one specified direction; the input decoupling means that an actuator will not be damaged by the motions of the other actuators [21] .
In order to the decoupling performance, two sequences along z1-axis and z2-axis input forces with constant summations or differences were used. Based on the FEA, to obtain the coupled motion component generated by the mechanism motion along the z out -axis on the x out -axis, the constant driving force sums were applied to two driving ends, and the obtained two-axis motion as indicated in FIGURE 7 (a) . To obtain the coupled motion component generated by the mechanism motion along the x out -axis on the z out -axis, the constant driving force differences were applied to the two driving ends, and the obtained two-axis motion as illustrated in FIGURE 7 (b). FIGURE 7 indicates the linear relation between the driving force and motion displacement in x out −direction and z out −direction. Furthermore, the induced coupling motions along u x out and u z out directions were 7.5nm and 4.4nm, respectively. In the whole range of motion, the coupling motions were less than 0.18%, which were negligible. Thus, the output decoupling is significantly improved in VASC mechanism.
In the input coupling of VASC, the motion along the driving direction can be resisted by the actuator or the preloads of the flexural mechanism, without negatively affecting the PZTs. However, the lateral motions will introduce shear impacts on the PZTs, which will cause damage to PZTs [21] . To investigate the isolation performance, using FEA to calculate the lateral motion at the middle point of the two interfaces (the rigid body, g 1 ). The input coupling motion is in direct proportion to the summation of the z1-axis and z2-axis driving forces. According to the output motions, the input coupling along the x in -axis (the motion of DU mechanism) motions was 1.25%. Conversely, the lateral motions have no relation with the difference of the driving force, which indicate that the motion along z in -axis (the motion of DU mechanism) will be no lateral movement at the input end. Compared with the report in [21] and [22] , the decoupling performance of the system has been significantly improved. 
V. EXPERIMENTAL TESTING OF VASC MECHANISM
The configuration for performance testing of the proposed system is illustrated in FIGURE 8. VASC mechanism is actuated by two Parallel PZTs (40VS12, Harbin). The Power PMAC (Delta Tau Inc) is employed to generate a test signal. The test signal is amplified by the Power Amplifier (E-500, PI Inc.). Then PZTs are sued to realize the vibration. The capacitive transducer (Modem 5300, microsence Inc.) with four measuring channels is used to measure the dynamic displacement, and closed-loop control is formed as a feedback signal. The wide range of PID control algorithm is selected to form the closed loop control system. In order to decrease the interference outside itself, the tests are performed on a vibration-isolated air bearing platform. The system total noise value of the z1-axis and z2-axis testing channel are about 35.14nm and 38.02nm, respectively.
A. SINE RESPONSE TESTS
In this paper, the developed apparatus was tested by the sinusoidal signal response. Sinusoidal excitations were applied along with the z1-and z2-axis, as illustrated in FIGURE 9. FIGURE 9(a) and (b) shows the sinusoidal tracking curve along z1-and z2-axis, respectively; the sinusoidal tracking errors along the z1-and the z2-axis are also shown, respectively. FIGURE 9 shows the responses maintain good sinusoidal waveforms and work stably under sinusoidal signal excitation, which is driven by two PZTs. Unfortunately, it shows a significant phase lag, but there is only a small amount of oscillation at the upper and lower ends. The practical displacement is consistent with the command displacement excellently. The maximum error is about 46nm, less than 4.35% of the whole stroke, therefore, to meet the requirements.
B. SINE STROKE AND DECOUPLING TESTS
In order to test the system stroke and decoupling property, the PZT was actuated by only one-axis, which the other-axis had not actuated by PZT. FIGURE 10(a) illustrates the z1-axis was actuated only, the input stroke, 15.67µm, the parasitic motion of the z2-axis, 0.2µm, which was about 1.27% of the input displacement in z1-axis. Similarly, FIGURE 10(b) indicates the parasitic motion of the z2-axis, 0.15µm, which was about 0.975% of the z2-axis input displacement. Basing on the theory, the bi-directional motions should symmetric, it was however, the asymmetric motion of the most approximately 0.8µm, which the inconsistent preload of two PZTs or the asymmetric structure aroused by manufacturing error. Therefore, the result shows that the decoupling design is much effective.
C. DYNAMICS PERFORMANCE TESTS
To test the dynamic characteristic, the frequency response was carried out by the sweep-frequency excitation method. FIGURE 11 illustrates the measured response of frequency, which z1-and z2-axis are approximately 1900Hz, 2686Hz and 1893Hz, 2594Hz, respectively. Practical working bandwidth is about 1000Hz. It was noteworthy that both natural frequencies were much lower than the corresponding values obtained by theoretical analysis. This phenomenon was mainly caused by the assemblage of PZTs, which could reduce the stiffness of the whole compliant system. Compared with the theoretical results, the practical and theoretical natural frequencies ratio was about 34.7%, 24.4%, which might be imperfect contacts and machining errors effect. 
D. HYSTERESIS ANALYSIS
To survey the hysteresis of the VASC system, the triangle voltage of the amplitude, 5V, the natural frequencies of 1Hz, 10H, 20Hz, were produced by the signal generator. FIGURE 12 indicates the response of the input signal and the associated input voltage displacement, the lower and upper curve represents expansion and contraction of PZT, respectively. When the triangle voltage was 5V, the displacements along z1-axis and z2-axis can be up to 32.08µm and 31.99µm, respectively. When the frequencies input single was set to 1Hz, 10Hz and 20Hz, respectively, the maximum hysteresis displacements along z1-and z2-axis were measured of 4.01µm and 4.18µm. Thus, the hysteresis percentages of z1-axis and z2-axis were correspondingly calculated as 12.5% and 13.1%. Based on the above analysis, we need adopt appropriate control strategy to lower the hysteresis phenomenon in the future work.
E. ANALYSIS OF VASC SYSTEM ANGLE-POSITION MODEL
Due to the deliberate design of VASC structure, which was generated arbitrary vibration-assisted swing motion in 2D space. To investigate angle-position trajectory of diamond tool, the amplitude and angular frequency of the two input signals were adopted for 4µm, 4µm, 3µm and 50Hz, 100Hz, 50Hz, respectively. The input displacement of VASC system as illustrated in FIGURE 13(a). As shown in FIGURE 13(b), actuated motion trajectory of cutting tool was alone the tool location point swing back and forth. When the SMP mechanism was driven by one PZT, the cutting tool swing angle rang of 0 • to 5 • 33', 0 • to 5 • 31' and 0 • to 4 • 2', respectively. The changed of angle-position trajectory result shows that practice was consistent with the theoretical. Thus, the swing trajectory and angle of cutting tool-tip could be achieved, which was the advantage of reducing average cutting force, extending tool-life, and improving machining quality so on.
VI. CONCLUSIONS
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